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Abstract

This study investigates a low-profile circularly polarized (CP) antenna using coplanar wave-
guide feeding. Rectangular-shaped slots and an inverted L-shaped slit are entrenched into
the ground plane to enhance the impedance bandwidth of the antenna. Furthermore, the
antenna is implemented with six elliptical electromagnetic band gap structures on its substrate
to enhance the −10 dB return loss bandwidth and also to generate CP waves. The experimen-
tal and theoretical results closely match each other and indicate that a simple and compact
design antenna with dimensions of 0.317λ0 × 0.317λ0 × 0.023λ0(λ0 is the operating wavelength
at 4.74 GHz in free space) achieves 36.9% (3.91–5.68 GHz) of the −10 dB return loss band-
width and 9.98% (4.09–4.52 GHz) of the 3-dB axial ratio bandwidth, thus making it a favor-
able entrant for radio altimeter and wireless avionics infra-communication systems.

Introduction

In the present scenario in the field of technology, polarization plays a vital role in the proper
functioning of communication systems because it allows the reception of signals irrespective of
the alignment of the transmitting antennas. The attractive features of circularly polarized (CP)
antennas, which includes their ability to overcome multi-path interferences and reduce the
effect of Faraday rotation, make them very desirable in wireless communication systems.
Several ways have been explored by various researchers to design a low-profile, cheap, and
highly compact CP antenna; these methods include using a substrate of a high-dielectric con-
stant [1, 2], implementing slots [3, 4] and slits [5, 6] on the patch, employing the ground plane
with defective ground structures [7, 8], implementing reactive impedance surfaces (RISs) [9],
using split-ring resonators [10], complementary split-ring resonators [11], etc. Although the
aforementioned methods led to the miniaturization of the antenna, they also degraded the
antenna performance due to the presence of surface wave propagation in the substrate of
the antenna. To overcome the stated drawbacks, researchers proposed electromagnetic band
gap (EBG) structures which are periodic/aperiodic metallic/dielectric structures that prohibit
the surface waves from traveling in the substrate of the antenna by introducing a specified
stop band, thus leading to an improved performance of the antenna. Many researchers have
implemented such structures on the antenna’s ground surface [12], on its substrate [13], by
surrounding it around the patch [14], and also by using it as metasurface [15] and, thus,
recuperated the antenna’s performance. In [16], mushroom-shaped EBG structures were
implemented on the ground plane and, by utilizing its polarization-dependent in-phase reflec-
tion property with a dipole antenna placed above it, was able to generate CP waves at 3.56 GHz
with an improved performance but with the limitation of a large ground plane of size 100
mm × 100 mm. In [17], the performance of the CP antenna was improved by using an
array of annular ring EBGs on the ground plane. Also, it achieved 10% reduction in the center
frequency when compared to the antenna without EBG. Even though the structure proposed
above showed an immense enhancement in terms of gain and efficiency, it still lacked com-
pactness in terms of its physical dimensions. In [18], the CP waves were obtained using
three N slots on the patch antenna and, later, on circular air hole as EBG structures were
drilled on the substrate to enhance its performance and also to achieve compactness.
However, it resulted in a complex fabrication process. In [19], a compact CP antenna at
1.57 GHz was presented by printing fractal EBG on the substrate of the antenna which is
made from organic material. Nevertheless, the aforementioned proposed structure showed a
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small axial ratio (AR) bandwidth of 31MHz. In [20], a
slot-loaded slot antenna with mushroom-shaped EBG cells
around it was able to generate CP waves with wide AR bandwidth.
In [21], CP radiation was generated with enhanced gain and CP
bandwidth by placing an EBG array as a polarizer above a
patch antenna. In [22], a CP array antenna was proposed by util-
izing the polarization conversion property of EBG. Although this
antenna achieved wide AR bandwidth and radar cross-section
reduction, it eventually lacked miniaturization. In [23],
polarization-dependent EBG structures were constructed to sur-
round a rotated truncated patch in an attempt to design a CP
antenna that would obtain an AR bandwidth of 50MHz and a
return loss bandwidth of 120 GHz. However, this led to an
increase of the overall size of the antenna. In [24], a high-gain
compact CP slot antenna at 5.1 GHz was proposed with hex-
agonal ring-shaped EBG on the substrate with an impedance
bandwidth of 18%. Recently, EBGs have been implemented as
metasurfaces [25, 26] to enhance the performance of CP anten-
nas. In [27], a metasurface with a 4 × 4 square patch was designed
to obtain a low-profile CP antenna. Although it achieved wide AR
bandwidth, it achieved a narrow impedance bandwidth of 17%. A
CP antenna, implemented with square-based metasurface, was
proposed in [28]. It had a multiple-slit feeding structure and
was able to achieve 17.3% of 3-dB gain bandwidth but faced com-
plexity in fabrication. In [29], a coplanar waveguide (CPW)-fed
CP antenna which had an inclined slot in the ground surface
and was loaded with an EBG-based metasurface showed improved
performance but lacked compactness. In [30], an EBG array was
implemented as a partially reflective surface above a metamaterial
CP antenna to enhance its directivity but led to an increase in the
physical size of the antenna. In [31], a broadband spiral CP
antenna was designed using planar EBG. It achieved a wide AR
bandwidth by lengthening the concentric-shaped EBG patches
but led to the lowering of gain at a high-frequency range. Thus,
the above reported EBG-based CP antennas either lacked com-
pactness or were not able to show wide return loss bandwidth
or axial ratio bandwidth. With the aim of achieving a CP antenna
and to show improvement in terms of impedance bandwidth and
AR bandwidth along with miniaturization in size, in this paper,
we have proposed a CPW-fed patch antenna with modified
ground plane and six ellipse-shaped EBGs on the bottom side
of the substrate to achieve miniaturization as well to report
wide impedance and AR bandwidth. The proposed antenna is
applicable for radio altimeter and wireless avionics infra-
communication (WAIC) systems.

Proposed antenna configuration and ellipse-shaped
electromagnetic band gap (EEBG) design

Design and evolution stages of proposed antenna

Figure 1 depicts the proposed antenna which comprises the patch
with CPW feed built on an FR-4 substrate of thickness h and hav-
ing a dielectric constant of 4.4. The ground plane has dimensions
of Lg ×Wg, is modified with rectangular slots and inverted L slit,
and the substrate is etched with six EEBG structures at its bottom.
Table 1 depicts the optimized parameters of the proposed struc-
ture. The suggested antenna is able to generate a wide impedance
bandwidth with improved axial ratio bandwidth and gain by
implementing the EEBG on its substrate. The three steps in
which the design of the proposed antenna evolved are shown in
Fig. 2. Step 2(a) illustrates a CPW-fed patch antenna (antenna A)

with a rectangular slot of dimensions Ls = 18mm and Ws = 16.2
mm. Figure 3 depicts the S11 response of antenna A, which illus-
trates that an impedance bandwidth of 26.9% (4.05–5.31 GHz) is
obtained when linearly polarized waves are generated, as shown
in Fig. 4. Moreover, as depicted in Fig. 5, the peak gain of antenna
A is 0.18 dBic in the operating bandwidth and is negative in the
higher frequency range. To improve the impedance bandwidth
and gain, the ground plane is further modified with a rectangular
slit (L3 ×W3) on the top right corner and inverted L-shaped slit
of length L2 and width W2 are placed on the bottom right side of
the ground plane. As shown in Fig. 3, the impedance bandwidth
increases to 31% (3.90–5.33 GHz) and, as depicted in Fig. 5, the
gain improves to 1.2 dBic. It is also observed from Fig. 4 that no
CP waves are present. For the generation of CP waves, the dimen-
sions of EEBG unit cell and the periodicity in the x and y axes
are adjusted such that the impedance along the two diagonal direc-
tions vary, causing the induced current to change and results in the

Fig. 1. Proposed antenna: (a) top view, (b) bottom view, and (c) side view.
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two orthogonal components to change as well. Thus, by optimizing
the parameters of EEBG, when the condition |Z1| = |Z2| and
ang(Z1− Z2) = ±90° is achieved, the CP radiation is obtained.
Therefore, it is observed from Fig. 4 that antennas A and B were
unable to obtain CP radiation but, by implementing six EEBGs
on the bottom of the substrate, antenna C resulted in 3 dB AR band-
width of 8.53% (4.15–4.52 GHz) due to the generation of two
orthogonal modes with a phase of 90°. It is also depicted from
Fig. 3 that antenna C shows an improvement in impedance band-
width of 33.33% (3.95–5.53 GHz) from 31% (3.90–5.33 GHz) of
antenna B. Furthermore, due to additional inductance and capaci-
tance introduced because of the elliptical-shaped EBG, there is a
shift in the impedance bandwidth toward the lower frequency
region. As depicted in Fig. 5, the EEBG inhibits the propagation

of surface waves resulting in the gain of antenna C to enhance
the peak gain to 3.13 dBic in the operating bandwidth (Table 2).

EEBG unit cell design

An EEBG which consists of six ellipse-shaped metal plates,
arranged in the 3 × 2 layout with periodicity in the x and y direc-
tions as px and py, respectively, is proposed. It is placed on the
antenna’s bottom surface of the substrate, which is made of
FR4 having thickness h. The elliptical EBG axes comprising of
minor axis and major axis are situated at a = 4.8 mm in the x dir-
ection and with b = 7.2 mm in the y direction, respectively. Table 3
lists the optimized dimensions of the EEBG.

Table 1. Parameters of the proposed antenna

Parameters Lg Wg Wg1 h Lf Wf Lp Wp Ls

Value (mm) 20 20 8.25 1.5 11.25 3.0 7.0 3.0 18

Parameters L1 W1 L2 W2 L3 W3 L4 W4 Ws

Value (mm) 14.75 11.2 5.0 1.0 6.0 3.25 10.2 7.25 16.2

Fig. 2. Evolution steps of proposed antenna: (a) antenna A, (b) antenna B, and (c) antenna C (proposed antenna).

Fig. 3. Simulated S11 varying with frequency of antennas A, B, and C.
Fig. 4. Simulated axial ratio varying with frequency of antennas A, B, and C.
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Using Ansoft’s High Frequency Simulator Software (HFSS)
version 15, the unit cell of the proposed EEBG is simulated
and its in-phase reflection properties [32] are analyzed by
implementing the Floquet-port model [33]. It is observed in
Fig. 6 that at 4.48 GHz, 0° reflection phase is obtained and, in
the frequency range of 2.32–6.13 GHz, the phase varies from
+90° to −90°, indicating that the frequency band gap of the pro-
posed EBG concurs to the operating bandwidth of our proposed
antenna.

Figure 7 depicts the equivalent circuit diagram of the unit cell
EEBG, which is shown as the LC resonant circuit [33], where C is
the capacitance between the adjacent elliptical shape EBG unit cell
and L is the inductance that occurs due to the perfect electric
conductor-backed substrate whose thickness is not more than a
quarter wavelength of the preferred frequency. Equations (1)
and (2) display the equivalent input impedance (Z0) and the res-
onant frequency ( f0) of the unit cell EEBG:

Z0(v) = jvL
1− v2LC

(1)

f0 = 1
2p

����
1
L C

√
(2)

Parametric analysis

To obtain the final dimensions of the proposed antenna, paramet-
ric analysis was performed by varying the different parameters of
the proposed antenna. This included the ratio of the major to

minor axes of EEBG, its periodicity on both x and y directions,
the length and width of the CPW feed, etc.

Parametric study on varying the ratio of major to minor axes
EEBG, Xe

Figure 8 portrays that on varying the value of Xe from 1.4 to 1.6
mm, Xe affects both the impedance bandwidth as well as the axial
ratio bandwidth. As observed in Fig. 8, S11 significantly degrades
to −26.4 dB when Xe is 1.4 mm. On increasing the value of Xe to
1.5 mm, it is found that S11 improves significantly to −32 dB.
However, when the Xe is set at 1.6 mm, the S11 degrades to
−30.5 dB. Moreover, the AR in dB at 1.5 mm is 0.61, which is
the lowest when compared to 0.71 and 1.51 dB at 1.6 and 1.4
mm, respectively. Hence, it can be deduced that better impedance
matching followed by a good AR value resulted in the value of Xe

to be optimized to 1.5 mm.

Parametric study on the periodicity along x axis of EEBG, px

It is illustrated in Fig. 9 that upon varying the periodicity ( px)
along the x direction, at 6 mm, the resonant frequency shifts to
the lower side of 4.49 GHz with the value of S11 being −31.99
dB, which is better in comparison with −19 dB at 7 mm and
−29.9 dB at 5 mm. Moreover, an axial ratio value of 0.55 dB at
6 mm with an improved AR bandwidth of 370 MHz in compari-
son with the AR value of 2.18 and 2.64 dB at 7 and 5 mm, respect-
ively, leads to the finalization of the value of px to 6 mm.

Parametric study on varying the periodicity along y axis of
EEBG, py

Figure 10 depicts that upon increasing the periodicity ( py) in the y
direction, the impedance bandwidth decreases to 1500MHz at 11
mm, with the value of AR also decreasing to 1.86 dB. At 10 mm,
the resonant frequency shifts to the lower side, with the value of
the impedance bandwidth increasing to 1580MHz along with an

Fig. 5. Simulated Gain varying with frequency of antenna A, B and C.

Table 2. Parameters of different design configurations

Parameters Antenna A Antenna B Antenna C (proposed antenna)

Impedance bandwidth (MHz) 1260 1430 1580

Axial ratio bandwidth (MHz) – – 370

Peak gain (dBic) in the operating bandwidth 0.18 1.26 3.13

Peak gain (dBic) in the CP bandwidth – – 3.0

Table 3. Optimized dimensions of EEBG

Sl.
no. EEBG parameters

Dimensions
(mm)

1 Minor axes of ellipse, a 4.8

2 Major axes of ellipse, b 7.2

3 Ratio of major to minor axes of ellipse,
Xe

1.5

4 Periodicity in x direction, px 6

5 Periodicity in y direction, py 10
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improvement of the axial ratio value to 0.55 dB, as compared to
0.99 and 1.86 dB at 9 and 11 mm, respectively.

Parametric study on varying the width of feed, Wf

By varying the width of the CPW feed, the resonant frequency
of the antenna shifts to the lower side to 4.49 GHz at 3 mm,

as observed in Fig. 11. Again upon increasing Wf to 3.1 mm,
the resonant frequency shifts to the higher side of 4.74 GHz
with a very poor AR value of 1.06 dB. It is also observed that
when the value of Wf is 3 mm, the value of AR is 0.55 dB,
which is better in comparison with 1.06 and 2.89 dB at 3.1
and 2.9 mm, respectively. Thus, the value of Wf is optimized
to 3 mm.

Fig. 6. Reflection phase diagram of the proposed unit cell EEBG (inset
view: unit cell model).

Fig. 7. Equivalent circuit diagram of the proposed unit
cell EEBG.

Fig. 8. Effect on varying Xe with frequency on S11 (simulated) and axial ratio
(simulated).

Fig. 9. Effect on varying px with frequency on S11 (simulated) and axial ratio
(simulated).
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Parametric study on varying the length of feed, Lf

As depicted in Fig. 12, the effect of the length of antenna feed on
S11 and AR is observed by varying the value of Lf from 11.24 to

11.26 mm in steps of 0.01 mm. The simulated results from
Fig. 12 indicate that as the value of Lf increases, the resonance fre-
quency of the antenna shifts to the lower side with the lowest
being 4.95 GHz when the Lf is equal to 11.25 mm. Nevertheless,
it is also depicted in Fig. 12 that upon increasing the value of
Lf, the AR characteristics of the antenna are affected. When the
Lf equals 11.24 mm, the value of AR deteriorates below 3 dB.
The minimum value of AR is obtained at 4.3 GHz; this corre-
sponds to the value of Lf being equal to 11.25 and degrades fur-
ther as the Lf increases to 11.26 mm. Hence, the value of Lf is
optimized to 11.25 mm.

Parametric study on varying the width of patch, Wp

As depicted in Fig. 13, by varying the patch width at 2, 3, and
4 mm, S11 attains the value of −20, −24, and −31.4 dB, respect-
ively, indicating that better impedance matching is obtained
when Wp is 3 mm. Moreover, the effect on increasing the patch
width of the antenna results in the degradation of the AR charac-
teristic, thus showing poor AR of 3.1 and 1.81 dB when the Wp

equals 2 and 3mm, respectively. The minimum value of AR,

Fig. 10. Effect on varying py with frequency on S11 (simulated) and axial ratio
(simulated).

Fig. 11. Effect on varying Wf with frequency on S11 (simulated) and axial ratio
(simulated).

Fig. 12. Effect on varying Lf with frequency on S11 (simulated) and axial ratio
(simulated).

Fig. 13. Effect on varying Wp with frequency on S11 (simulated) and axial ratio
(simulated).

Fig. 14. Effect on varying Lp with frequency on S11 (simulated) and axial ratio
(simulated).
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i.e. 0.59 dB, is obtained when Wp attains a value of 3 mm, thus
leading to the finalization of the value of Wp to 3 mm.

Parametric study on varying the length of patch, Lp

It is observed from Fig. 14 that the length of the patch is varied
from 6 to 8 mm and the resonant frequency of the antenna shifts
to the lower side of the frequency with the minimum frequency

obtained at 4.49 GHz corresponding to Lp equal to 7 mm. The
AR characteristic also improves at Lp equal to 7 mm. Thus, Lp is
optimized to 7 mm.

Experimental results

The top and bottom views of the fabricated prototype of the pro-
posed antenna which uses the Agilent vector analyzer (N5230A:

Fig. 15. (a) Top view and (b) bottom view of the proposed fabricated structure.

Fig. 16. Illustration of surface current distribution at ωt = 0°, 90°, 180°, 270°.
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PNA-L) is depicted in Fig. 15. To know how CP waves are gener-
ated by the proposed antenna, the vector surface current distribu-
tion on the six EEBGs is analyzed by varying the phase at various
time phases (ωt = 0°, 90°, 180°, 270°). Figure 16 depicts that at ωt
= 0° and 90°, the vector surface currents are of the same magni-
tude and is in phase opposition at ωt = 180° and 270°, respectively.
This indicates that since there is change in the phase, the rotation
of the simulated surface current vectors is in the anticlockwise
direction, indicating that left hand circular polarization (LHCP)
is achieved.

Figure 17 not only shows the measured results of S11, but also
compares the axial ratio versus frequency with the simulated
results. It is depicted that the proposed antenna offers measured
impedance bandwidth of 36.9% which lies in the range 3.91–
5.68 GHz and shows a good agreement with the simulated result
of 33.33% (3.95–5.53 GHz). The measured AR bandwidth of
9.98% (4.09–4.52 GHz) also matches well with the simulated
result of 8.53% (4.15–4.52 GHz). A slight difference in the mea-
sured and simulated result may be present because of fabrication
tolerance and errors occurring in the measurement system. It is
also observed from Fig. 18 that upon implementation of the
EEBG on the antenna, the simulated peak gain in the AR band-
width is 3 dBic. This is attributed to the surface waves being pro-
hibited by the EEBG which leads to the enhancement of the
gain.

Figure 19 reveals the radiation characteristics of the proposed
antenna in the E and H planes, respectively, at 4.33 GHz, depict-
ing that in both the planes, LHCP waves are observed. Table 4
compares the proposed antenna with few of the reported CP
antennas. From the evaluation of the comparison in Table 4, it
is revealed that the proposed antenna is more compact with the
impedance bandwidth and the AR bandwidth has improved as
compared to the ones reported in Table 4.

Conclusion

An EEBG-based CP antenna which maneuvers at 4.3 GHz has
been proposed in this paper. Using a 3 × 2 array EEBG on the
substrate of the proposed antenna, an enhancement is observed
in the antenna’s performance with an impedance bandwidth of

Fig. 17. Responses (measured and simulated) of S11 and axial ratio versus frequency.

Fig. 18. Responses (measured and simulated) of gain versus frequency.

Fig. 19. Radiation pattern at 4.3 GHz: (a) E-plane and (b) H-plane.
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36.9%, an AR bandwidth of 9.98%, and a gain of 3 dBic, thus
making this antenna a contender to be utilized for WAIC systems.
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